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Abstract

The therapeutic management of chronic pain associated with many cancers is problematic due to 

development of tolerance and other adverse effects during the disease progression. Recently we 

reported on a bivalent ligand (MMG22) containing both mu agonist and mGluR5 antagonist 

pharmacophores that produced potent antinociception in mice with LPS-induced acute 

inflammatory pain via a putative MOR-mGluR5 heteromer. In the present study we have 

investigated the antinociception of MMG22 in a mouse model of bone cancer pain to determine its 

effectiveness in reducing this type of chronic nociception. There was a 572-fold increase in the 

potency of MMG22 over a period of 3–21 days that correlated with the progressive increase in 

hyperalgesia induced by bone tumor growth following implantation of fibrosarcoma cells in mice. 

The enhancement of antinociception with the progression of the cancer is possibly due to 

inhibition of NMDA receptor-mediated hyperalgesia via antagonism of mGluR5 and concomitant 

activation of MOR by the MMG22-occupied heteromer. Notably, MMG22 was 3.6-million-fold 

more potent than morphine at PID 21. Since MMG22 exhibited a 250,000-times greater potency 

than that of a mixture of the mu opioid (M19) agonist and mGluR5 antagonist (MG20) monovalent 

ligands, the data suggest that targeting the putative MOR-mGluR5 heteromer is far superior to 

univalent interaction with receptors in reducing tumor-induced nociception. In view of the high 

potency, long duration (>24 h) of action and minimal side effects, MMG22 has the potential to be 

a superior pharmacological agent than morphine and other opiates in the treatment of chronic 

cancer pain and to serve as a novel pharmacologic tool.
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1. Introduction

In spite of the prevalence of chronic pain associated with cancer, the number of systematic 

studies to develop new analgesics to reduce cancer pain is substantially less than efforts to 

treat the disease. Consequently, there have been few if any new drugs approved for 

treatment of chronic cancer pain in recent years (Cleeland et al., 2011). While analgesics 

such as morphine remain the mainstay treatment option for severe cancer pain, they provide 

inadequate analgesia in more than half of the patients (Te et al., 2013) and display dose-

limiting adverse effects (Muralidharan and Smith, 2013).

Reports have revealed that coadministration of metabotropic glutamate receptor-5 (mGluR5) 

antagonists suppress morphine tolerance and dependence and enhance antinociception when 

coadministered (Kozela et al., 2003; Sotgiu et al., 2003; Walker et al., 2000; 2001a; Walker 

et al., 2001b). Based on these reports and evidence for a MOR-mGluR5 heteromer in 

cultured cells (Schröder et al., 2009), a bivalent ligand (MMG22) that contains a mu opioid 

agonist and mGluR5 antagonist pharmacophores was developed (Akgün et al., 2013). 

MMG22 displayed exceptionally potent antinociception upon intrathecal (i.t.) administration 

in an acute inflammatory pain mouse model. Based on structure-activity relationship studies, 

it was concluded that the target of MMG22 is a putative MOR-mGluR5 heteromer in the 

spinal cord. The involvement of MOR-mGluR5 heteromer is consistent with the finding that 

in the inflammatory state, colocalized MOR and mGluR5 are upregulated in glia and 

neurons within the dorsal horn where they play a role in neuromodulation of pain 

(Neugebauer, 2001; Ren et al., 2012).

In view of the exceptional i.t. potency (ED50 ~9 fmol/mouse) and high therapeutic ratio 

(~106) of MMG22, here we present a study relevant to the effectiveness of MMG22 in 

reducing chronic tumor-induced hyperalgesia (Cavalheiro and Olney, 2001; Choi et al., 

2011; Park et al., 2007; Prickett and Samuels, 2012; Sontheimer, 2003), using an established 

chronic bone cancer model in mice. Significantly, our results reveal that i.t. administration 

of MMG22 produces profound, long duration antinociception that becomes more potent 

during cancer progression.

2. Methods and Materials

2.1 Cell Culture

National Collection of Type Cultures (NCTC) clone 2472 fibrosarcoma cells, originally 

derived from a connective tissue tumor in a C3H mouse, were obtained from the American 

Type Cell Culture Collection (Rockville, MD). Cells were grown and maintained in 

accordance with standard cell culturing techniques. NCTC cells were grown to 80–90% 

confluence in 75 cm2 flasks (Corning, Lowell, MA) in Dulbecco’s Modification of Eagles 

Medium (Invitrogen, Carlsbad, CA) fortified with 10% Horse Serum and sodium 
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bicarbonate. Cell cultures were housed in a water-jacketed incubator with 5% carbon 

dioxide at 37°C.

2.2 Animals

Male C3H mice (National Cancer Institute, Bethesda, MA) were used for all experiments. 

The inbred C3H/He line is synergistic to the fibrosarcoma cells used in these experiments 

and allows these cells to grow tumors without rejection. Animals were maintained on a 12 h 

light/dark cycle with food and water ad libitum. Each compound had a separate group of 

mice that were used for 21 days.

2.3 Implantation

Tumor cells were manually injected by boring into the calcaneus bone using a 29 ½ gauge 

needle connected to a sterile 0.3 ml insulin syringe in the left hind paw. Following injection, 

mice were allowed to recover in cages on a heating pad (Smeester et al., 2012; Smeester et 

al., 2013; Wacnik et al., 2001.

2.4 Intrathecal Injection

All compounds (Fig 1) were synthesized according to previously published protocols 

(Akgün et al., 2013). For in vivo studies, all compounds were dissolved in 10% DMSO and 

then diluted to less than 1% DMSO in the test solutions. DMSO when given i.t. in a 1% or 

less concentrated solution did not show any antinociception. Morphine (Mallinckrodt) was 

dissolved in sterile saline. Compounds were administered i.t. in a 5-μl volume in conscious 

mice to determine peak time and ED50/80 (Hylden and Wilcox, 1980).

2.5 Mechanical Hyperalgesia

Animals were placed under clear glass cups on a wire grid and allowed to acclimate for 30 

min (Smeester et al., 2012; Smeester et al., 2013). Mechanical hypersensitivity was tested 

using a von Frey filament #3.61, which produces a force of 70 mg, was applied to the 

plantar surface of both hind paws with enough force to cause it to bow slightly, the numbers 

of positive responses out of a total of 10 applications were recorded (Raghavendra et al., 

2003; Smeester et al., 2012; Wacnik et al., 2001). Baseline von Frey measurements were 

obtained prior to tumor-implantation or saline injection into the calcaneus. Subsequent von 

Frey measurements were taken prior to compound injection as well as 5, 10 and 20 minutes 

post-injection on days (PID) 0, 3, 7, 10, 14, 17 and 21. Animals with saline injection served 

as controls for tumor cell implantation and tumor-induced nociception. The %MPE was 

calculated [(Time-point value − Day# baseline)/(Day 0 baseline − Day# baseline)] × 100 

(Akgün et al., 2013) Behavioral assessments were conducted during the light cycle at 

approximately the same time each day. The investigator performing the von Frey testing was 

blinded to the animal and compound injected.

2.6 Dose Optimization

The individual monovalents, M19 (mu agonist) and MG20 (mGluR5 antagonist) were 

evaluated for efficacy prior to combined i.t. administration. M19 showed increasing potency 

from PID 3 to PID 21 (ED80 250,000 fmol and 50 fmol, respectively). Latent and increasing 
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%MPE was observed with a MG20 dose of 250,000 fmol on PID 3 was 25%, but was 75% 

on PID 21 with identical dose. To test for synergism based on the individual doses, a final 

concentration of 50 fmol M19 and 250,000 of MG20 was tested over 17 days. On PID 21, 

the dose was decreased to 1/4th of the original since this was when M19 and MG20 had the 

highest %MPE (Figure 3). The dose for MMG22 is the highest point in the dose response 

curves from Fig 2.

2.7 Statistics

Data shown as mean ± S.E.M. Comparisons between groups were performed using two-way 

ANOVA with post hoc comparisons using Bonferroni’s method (Bonferroni, 1936). The 

level of significance was set at P ≤ 0.05.

2.8 Study Approval

Procedures were performed in accordance with the guidelines recommended by the 

International Association for the Study of Pain and all experimental protocols were 

approved by the Animal Care and Use Committee at the University of Minnesota.

3. Results

3.1 The Potency of MMG22 Increases with Growth of Fibrosarcoma

Administration of MMG22 (i.t., 5 minute peak time) was evaluated for its anti-hyperalgesic 

effect in fibrosarcoma-bearing mice. Beginning from PID 3, increased potency was observed 

at all-time points tested (Fig 2). The ED50’s were: PID 3, 5.72 fmol/mouse (0.99 – 32.98); 

PID 7, 0.60 (0.04 – 9.0); PID 17, 0.10 (.003 – 0.266); PID 21, 0.01 fmol/mouse (0.001 – 

0.08). The potency increase was 572-times greater on PID 21 than on PID 3. No tolerance 

was evident for MMG22 over the 21 days of repeated i.t. injections. Moreover, we did not 

observe any evidence of chronic drug toxicity over the 21-day experimental period even 

though in some experiments the dose of MMG22 was a million-fold greater than its ED50. 

In this regard, following drug administration animals maintained normal body weight and 

exhibited normal eating and drinking behavior, normal respiratory rate and normal urination 

over the entire course of the study. We did not examine MMG22 beyond the 21-day 

endpoint for humane reasons, since the tumor in some of the animals reaches a diameter of 2 

cubic centimeters beyond this time point.

3.2 Single Dose of MMG22 Promotes Long Duration Antinociception

With peak hyperalgesia evident between PID 17–21, MMG22 was evaluated for 

effectiveness over a period of 24 h using 1 and 10 nmol/mouse doses in tumor-bearing 

animals between PID 17 and 21. These doses were based on previous work in LPS 

pretreated mice that produced long duration of antinociception (Akgün et al., 2013). The 

results of this study (Fig 5) revealed that potent antinociception was maintained over 24 h in 

mice receiving a single 10 nmol dose/mouse i.t. of MMG22. Mice that received a 1 nmol 

dose exhibited a significantly shorter duration of antinociception. (Fig 4, **P < 0.01, **P < 

0.0001).
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3.3 MMG22 Produces Optimal Potency

Monovalents M19 and MG20 were evaluated for synergism in comparison with the bivalent 

MMG22 (see compound optimization). Beginning on PID 3, administration of either the 

bivalent ligand MMG22 or the mixture of the monovalents produced antinociception in 

tumor bearing animals. However, MMG22 was exceptionally more potent (~250,000-fold) 

than the mixture of monovalent ligands at all-time points (PID 3–17) and 625,000 times 

more potent on PID 21. To investigate the effect of bivalent ligand linker length on potency, 

a member of this series with a 10-atom linker, MMG10, was tested over 21 days on tumor-

bearing mice for its anti-hyperalgesic effectiveness. Unlike MMG22, the dose of MMG10 to 

maintain its ED80 potency increased from 6.25 pmol to 25.0 pmol/mouse between PID 3–17, 

and to 100 pmol/mouse on PID 21, which represents a million-fold lower potency relative to 

MMG22.

3.4 Evaluation of MMG22 Against the ‘Gold Standard’ Opioid Analgesic, Morphine

To compare the anti-hyperalgesic effectiveness of MMG22 against a standard opioid 

agonist, we evaluated morphine’s antinociceptive effect and compared it to that of MMG22 

using the same paradigm as MMG22 over the course of 21 days in our murine fibrosarcoma 

tumor model. Beginning on PID 10 and lasting the entirety of the experiment, MMG22 was 

significantly more potent than morphine (PID 10, MMG22 was 23,000 times more potent 

than morphine (ED50: 13.7 pmol/mouse (3.38 – 55.50)); PID 17 MMG22 was 495,600 times 

more potent than morphine (ED50: 49.56 pmol/mouse (15.20 – 161.6)); and on PID 21, 

MMG22 was 3.6 million times more potent than morphine (ED50: 36.26 pmol/mouse (14.79 

– 88.89)). Unlike MMG22, i.t. administration of morphine did not result in increased 

potency over time. No changes in the ED50 values of morphine were observed at any time 

point tested.

4. Discussion

Recently (Neugebauer, 2001; Ren et al., 2012) reported that mGluR5 becomes progressively 

upregulated in tumor-bearing mice over 21 days, with the largest increase occurring between 

days 14 and 21. Similarly, in our present study, implantation of mice with fibrosarcoma cells 

produced a robust mechanical hyperalgesia following a similar time course mimicking what 

we found previously with either fibrosarcoma cells or osteosarcoma cells implanted into the 

mouse hindpaw (Smeester et al., 2012; Smeester et al., 2013). Importantly, in the present 

study the potency of MMG22 was found to progressively increase over time following 

implantation. This is in contrast to morphine whose potency decreased between PID 10 and 

17. This is reflected by the 3.6 million-fold greater potency of MMG22 over morphine on 

PID 21. Moreover, MMG22 did not show evidence of chronic toxicity over the 3-week 

period of this study nor was there any evidence of the development of tolerance. Thus, 

MMG22 has the potential to be superior to current opioid drugs because of its high potency, 

long duration of action and lack of tolerance.

Both mGluR5 and NMDA receptor (NMDAR) are localized as signaling partners on 

postsynaptic terminals of spinal neurons, and they are physically linked through a Homer-

Shank postsynaptic density protein complex (Niswender and Conn, 2010; Piers et al., 
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2012a). The reported physical association of mGluR5 and MOR with NMDAR subunits 

NR2 (Perroy et al., 2008; Piers et al., 2012b; Sanchez-Blazquez et al., 2013) and NR1 

(Rodriguez-Munoz et al., 2012), respectively, raises the possibility that during inflammation, 

activation putative MOR-mGluR5 heteromers rather than individual homomers associate 

with these subunits, given the structure-activity evidence for MMG22 and the reported 

upregulation of MOR and mGluR5 as a consequence of inflammation. From this 

perspective, MMG22 may mediate potent antinociception by blockage of NMDAR-

hyperalgesia via antagonism of the mGluR5 protomer and activation of the MOR protomer 

of MOR-mGluR5.

That the bivalency of MMG22 is essential for its high potency in bone cancer, is consistent 

with the 250,000-times lower potency that was observed for a mixture of monovalent 

ligands (M19 + MG20). This is because the length of the linker that tethers the 

pharmacophores in the bivalent MMG series is critical for targeting MOR-mGluR5 

heteromer. In this regard, the 22-atom linker in MMG22 appears to be optimal for 

simultaneous interaction with both protomers in the heteromer, while the short linker (10 

atoms) in MMG10 does not permit this to occur. In contrast to the increased potency of 

MMG22 as the cancer progresses, the potency of MMG10 decreased by a million-fold on 

post-implantation day 21 (PID 21). The greater potency of MMG22 over MMG10 reflects 

the importance of linker length for bridging of the pharmacophores to the protomers in 

MOR-mGluR5. The large potency decrease as a function of cancer progression is likely due 

to development of tolerance, given that MMG10 in LPS-pretreated mice was reported to 

exhibit this adverse effect.

In summary, the orders of magnitude greater intrathecal antinociception of MMG22 relative 

to a mixture of monovalent ligands that contain identical mu agonist and mGluR5 

pharmacophores suggests that its exceptional potency is related to selective activation of the 

MOR protomer and antagonism of the mGluR5 protomer in a putative MOR-mGluR5 

heteromer. Based on the similar profiles for both hyperalgesia and the potency of MMG22 

over a period of 21 days after implantation of fibrosarcoma cells in mice, we propose that 

the tumor-induced hyperalgesia is mediated via antagonism of the mGluR5 protomer which 

allosterically inhibits the NMDA receptor. The prominent features observed for MMG22 in 

this chronic bone cancer pain model are: a) progressive increase of antinociception over a 

period of 21 days following implantation of fibrosarcoma cells in mice that is similar to the 

time-course profile of hyperalgesia, and b) a single 10 nmol intrathecal dose of MMG22 

produces a long duration of antinociception (>24 h). It is noteworthy that the potency of 

MMG22 is 3.6 million-times greater than that of morphine after implantation of 

fibrosarcoma cells. These properties suggest that clinical development of MMG22 for spinal 

delivery is a viable option for the efficacious pharmacotherapy of chronic cancer pain, since 

pain management in patients with cancer still remains suboptimal (Simon and Schwartzberg, 

2014).
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Fig. 1. 
Chemical structures of bivalent (MMG22; MMG10) and monovalent (M19, MG20) ligands 

evaluated in C3H mouse bone cancer studies.
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Fig. 2. 
Antinociception of i.t. MMG22 increases from PID 3–21. The increasing potency occurred 

at all subsequent time points tested, The shift in dose-response over a 18-day period (PID 3–

21) resulted in a ~570-fold increase in potency.
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Fig. 3. 
Comparison of equivalent antinociception by MMG22 and monovalent ligands (M19 + 

MG20). Beginning on PID 3 and continuing through the course of the experiment, 

intrathecal (i.t.) administration of either MMG22 or a mixture of monovalent ligands, M19 

(mu agonist) + MG20 (mGluR5 antagonist), produced antinociception in tumor-bearing 

animals. MMG22 was exceptionally more potent than the combination of monovalent 

ligands M19 and MG22 at all time points evaluated. MMG22 or its co-administered 

monovalents (M19 + MG20) were tested at lower doses to show the increase in potency PID 

21 (n = 4–11/group).
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Fig. 4. 
The time-course of antinociception produced after i.t. administration of MMG22 (1 or 10 

nmol) in tumor-bearing mice on PID 21. The half-maximal dose effect for 10 nmol was 24 

h, whereas mice receiving 1 nmol exhibited half-maximal effect at 4 h. (n = 5/group; **P < 

0.01 and ****P < 0.0001
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